A new supersymmetric standard model based on N = 1 supergravity is constructed, aiming at natural explanation for the proton stability without invoking an ad hoc discrete symmetry through R parity. The proton is protected from decay by an extra U(1) gauge symmetry. Particle contents are necessarily increased to be free from anomalies, making it possible to incorporate the superfields for right-handed neutrinos and an SU (2) 12.60. Cn, 11.30.Fs, 12.60.Jv 
I. INTRODUCTION
The standard model (SM) well describes particle physics below the electroweak energy scale. However, various theoretical considerations suggest that some extension of the SM be necessary for physics above that energy scale. Various models therefore have been proposed, some of which being studied extensively. Among them extensions with supersymmetry [1] are considered most plausible. In particular, the minimal supersymmetric standard model (MSSM) is usually treated as their standard theory around the electroweak energy scale.
The MSSM inherits most of the successful features of the SM, while the extension being minimal. However, this model suffers one serious setback, which has been often passed over.
In the SM, the proton is protected from decay naturally by gauge symmetry. On the other hand, in the MSSM, the gauge symmetry allow the interactions of dimension four which do not conserve baryon and/or lepton numbers. Unless there exists some reason to forbid these interactions, the proton decays in an unacceptably short time. Therefore, a discrete symmetry is usually imposed on the MSSM through R parity, which is however merely an ad hoc symmetry.
A convincing reason for the proton stability could be provided by an extra gauge symmetry. Although such a symmetry around the electroweak energy scale is subjected to many phenomenological constraints, they still show room to allow a U(1) gauge symmetry. Several supersymmetric models with an extra U(1) symmetry therefore have been discussed [2] [3] [4] [5] [6] , aiming at natural explanation for a long lifetime of the proton. However, these models are accompanied by some arbitrariness in construction, which might reduce reliability of the reasoning for the proton stability.
In this paper, the supersymmetric extension of the SM with an extra U(1) gauge symmetry is studied within the framework of a model coupled to N = 1 supergravity. In addition to the proton lifetime, the MSSM involves problems on the neutrino masses and the linear coupling of Higgs superfields noted later. Requiring a model to solve these problems consistently in a minimal extension, its particle contents and superpotential are determined rather uniquely [7] . In sizable ranges of the model parameters, the scalar potential appropriately gives a vacuum of SU(3)×U EM (1) gauge symmetry below the electroweak energy scale. Phenomenological predictions of the model are compatible with experimental results.
A typical mass scale of scalar particles is of order 1 TeV, which can account for the smallness of the electric dipole moments (EDMs) of the neutron and the electron, another problem of the MSSM.
The energy dependencies of the model parameters are also discussed by analyzing renormalization group equations (RGEs). Taking the masses-squared of scalar fields all positive at a high energy scale, those for some Higgs fields become sufficiently small at lower energy scales to induce the breakdowns of the extra U(1) and electroweak gauge symmetries. In the model coupled to N = 1 supergravity the masses-squared and the trilinear coupling constants for scalar fields are considered to respectively have universal values at a very high energy scale. This scenario can be realized in this model.
In constructing the model, we take into account the problems of the neutrino masses and the Higgs linear coupling as well as that of the proton stability. The former is raised by non-vanishing masses of the neutrinos suggested from experiments for atmospheric and solar neutrinos, such as at the Super-Kamiokande [8] . The MSSM or the SM can have Yukawa couplings for neutrino Dirac masses, if right-handed neutrinos are naively included.
However, these fields are inert for the transformations of the gauge groups and their existence is not prescribed by the model. Furthermore, the extreme lightness of the neutrinos may require some explanation. Although this lightness could be attributed to large Majorana masses of the right-handed neutrinos, their origin is not clarified.
The latter problem is posed by a mass parameter of the µ term, a linear coupling of the Higgs superfields in the superpotential of the MSSM [9] , which is indispensable for correct breaking of electroweak gauge symmetry. This mass parameter µ should have a magnitude of order the electroweak energy scale. The other mass parameters in the model are traced back to supersymmetry-soft-breaking terms of the Lagrangian and thus related to the gravitino mass which may be of order the electroweak energy scale. On the other hand, the µ parameter is contained in the supersymmetric term and its magnitude may be given arbitrarily. It is natural that there is no mass parameter in the superpotential and the role of the µ term is assumed by another effective µ term.
These problems could also be solved by introducing an extra U(1) gauge symmetry. Imposing a new gauge symmetry yields chiral and trace anomalies within the particle contents of the MSSM. For canceling the anomalies, new superfields are necessarily incorporated, among which those for right-handed neutrinos and an SU(2)-singlet Higgs boson may be included. The extra U(1) symmetry could be broken above the electroweak energy scale by a vacuum expectation value (v.e.v.) of this Higgs boson, which may provide a source of Majorana masses for the right-handed neutrinos and the effective µ parameter. This paper is organized as follows. In Sect. 2 we construct a model, in which the proton is adequately stable, the ordinary neutrinos have non-vanishing but small masses, and the effective µ term is contained. In Sect. 3 the vacuum structure of the model is discussed, paying particular attention to experimental constraints on an extra neutral gauge boson. In Sect. 4 the behavior of the model parameters for different energy scales is analyzed through the RGEs to examine the radiative breaking of gauge symmetry and the supersymmetry breaking by N = 1 supergravity. Conclusions and discussions are given in Sect. 5.
II. MODEL
Particle contents of the model are constrained by the requirements of proton stability, neutrino masses, and an effective µ term. We also keep the extension of the SM as minimal as possible. The neutrino masses necessitate superfields for right-handed neutrinos, which are denoted by N c . For the effective µ term an SU(3)×SU(2)×U(1) singlet superfield S is included. In addition, new colored superfields K and K c are necessary for canceling a chiral anomaly, as shown later. In Table I 
If colored superfields are only those which correspond to the quarks of the SM, the
anomaly-free condition with Eqs. (1) and (2) 
The [SU(3)] 2 U ′ (1) anomaly-free condition and Eqs. (1), (2), (5), and (7) fix the number n l of pairs for K and K c at three, which agrees with the number of the generation for quarks and leptons.
The number n j of pairs for H 1 and H 2 and the number n k for S are determined by the
and a trace anomaly for U ′ (1) with Eqs. (1)- (5), (7) . These constraints are satisfied by either of the three sets of numbers and U(1) charge: A further constraint comes from the stable proton. The allowed value of Y K for the U (1) charges of K and K c is now either 1/3 or −1/3. However, the proton stability by gauge symmetry is only achieved for Y K = 1/3 [4, 5] . For Y K = −1/3, the particle contents of one generation can be embedded in the fundamental representation of the E 6 group. Unless a discrete symmetry is imposed, the baryon and/or lepton numbers are violated by couplings of dimension four, such as U c D c K c and LQK c , which induce an unacceptably fast decay of the proton. On the other hand, for Y K = 1/3, allowed couplings of dimension four are only those which have already been taken into account, i.e. Under all the anomaly-free conditions and Eqs. (1)- (7), the U ′ ( Table II .
The superpotential which contains all the couplings consistent with gauge symmetry and renormalizability is given by
where η d , η u , η e , η ν , λ N , λ H , and λ K represent dimensionless constants. Contraction of group indices is understood. In the MSSM without the discrete symmetry through R par-
, and LH 2 are allowed, leading to nonconservation of baryon and lepton numbers. Here, these couplings are forbidden by the U ′ (1) gauge symmetry. The proton decay could only occur through the operators of dimension six, being suppressed at least by a huge mass to the second power. As long as this mass scale is not much smaller than the Planck mass, the proton becomes adequately stable. The couplings of the superpotential are all cubic, and there is no mass parameter.
We assume that supersymmetry is broken through the ordinary mechanism based on N = 1 supergravity. Supergravity is spontaneously broken in a hidden sector at the Planck mass scale, and then supersymmetry in an observable sector is broken softly. At lower energy scales, the Lagrangian of the observable sector consists of a supersymmetric part and a supersymmetry-soft-breaking part prescribed by gauge symmetry and superpotential.
The soft-breaking part contains mass terms for gauge fermions, and trilinear couplings and mass terms for scalar bosons,
Here λ 3 , λ 2 , λ 1 , and λ 
III. VACUUM STRUCTURE
The Lagrangian of our model has SU(3)×SU (2) Assuming the above simplification, the scalar potential is given by
where the generation indices are left out. With group indices being expressed, H 1 H 2 is written as ǫ ab H 1a H 2b , so that holds an equation
The gauge coupling constants for SU(2), U(1), and U ′ (1) are denoted by g 2 , g 1 , and g ′ 1 , respectively. We now discuss the v.e.v.s of the Higgs fields H 1 , H 2 , and S . For any values of H 1 and H 2 , the complex phase of S has a value which gives an equality is given by
Two massive neutral gauge bosons, which are denoted by Z 1 and
predicted. The measured mass for the Z boson of the SM should be taken as the mass of Z 1 .
The experimental lower bound on the mass of a new neutral gauge boson is about 600 GeV [10] . According to detailed analyses of various experiments for an extra gauge boson [11] , the mixing between Z and Z ′ is small. Defining a mixing parameter by
bound R ∼ < 10 −3 is roughly obtained. The v.e.v.s can also be constrained by the lightest Higgs boson mass, whose experimental bound is given by M H 0 ∼ > 80 GeV [12] . Since its predicted mass by the tree-level potential in Eq. (10) could be altered to become larger by several tens of GeV through one-loop quantum corrections, we conservatively put a constraint M H 0 > 50 GeV to the tree-level mass.
The scalar potential is analyzed numerically. For independent coefficients of the potential
, and M 2 S . In Fig. 1 The neutrinos have both Dirac and Majorana masses. Neglecting the generation mixing, the mass matrix for the left-handed and right-handed neutrinos becomes TeV. The lightest fermion among K j and K cj is stable. As well as by collider experiments, such a stable particle may be explored by other methods to search for its relics in the universe, e.g. anomalous nuclei in sea water. However, these methods depend on the relic density, whose theoretical prediction is plagued by various uncertainties for non-perturbative effects, cosmology, and so on. Since the scalar components of H without fine-tuning the CP -violating phases to be very small [13] . If these phases are not suppressed, the interactions of the charginos or the neutralinos generally induce sizable CP violation in their production or decay processes.
IV. ENERGY DEPENDENCE
The parameter values of the model change according to the relevant energy scale. Analyzing their energy dependencies, we discuss whether gauge symmetry breaking is induced by radiative corrections. We also examine the scenario of universal values for the massessquared and the trilinear coupling constants of scalar fields at a very high energy scale. For simplicity, the generation mixing of the particle fields are neglected.
The evolution of the parameters concerning the energy-scale change are described by RGEs, which are given in Appendix A. It is seen from those equations that M of the E 6 group, the masses and the coupling constants evolve similarly to those in the E 6 models. Some features of these models [14] apply to the present model, and vice versa.
We now numerically examine the evolution of the parameters. Taking the masses-squared and the trilinear coupling constants of the scalar fields for common values m 2 3/2 and A at a high energy scale M X , we evaluate the parameters at a low energy scale M. For definiteness, we set M X for 10 17 GeV and M for 5 × 10 2 GeV. Assuming an equality g 1 = g ′ 1 , all the gauge coupling constants are determined independently of the parameters. The masses of the gauge fermions are also determined, if their values are given at some energy scale. Since the gauge groups are not unified in our model, these masses at M X are generally different from each other. However, they are considered nevertheless to be of the same order of magnitude. We therefore put their values equal at M X ,m 3 =m 2 =m 1 =m ′ 1 ≡m, for simplicity. The Yukawa coupling constants η u , η d , η ν , η e , λ N , λ H , and λ K at M X , which are specified by attaching an index 'X', are independent of each other.
In Fig. 3 the values of η u , λ N , λ H , and λ K at M are depicted as functions of η 
V. CONCLUSIONS
The MSSM involves the problems on proton lifetime, neutrino masses, and the µ term.
These problems may be solved by theories at very high energy scales, which however are Implications of this model for theories at higher energy scales have also been studied.
The gauge symmetry breaking is induced by radiative corrections. The masses-squared and the trilinear coupling constants of scalar fields could be universal at an energy scale not much smaller than the Planck mass, which is consistent with the mechanism of supersymmetry breaking based on N = 1 supergravity. The gauge coupling constants are not unified below the Planck mass scale, unless the particle contents are modified. 
The gauge coupling constants and the gauge fermion masses: The masses-squared of the scalar fields: 
where ξ = Y φ M 
